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Karnal bunt of wheat caused by Tilletia indica Mitra was first described in India in 1931 (27) . Since then the disease has been reported to occur in several other countries including Mexico (8, 12, 16) . In the United States, Karnal bunt was observed for the first time on durum wheat in Arizona in 1996 (51) and soon was detected in the adjacent Imperial Valley of California (21) . In Texas the disease was discovered in 1997 in San Saba County (central Texas), where several fields tested positive. Monitoring of wheat fields in the county during the subsequent 3 years revealed no additional occurrence of the disease until 2001, when bunted kernels were detected in grain samples from 66 fields including one field in adjacent McCulloch County. The same year bunted kernels were found in 27 fields in four additional counties of the Rolling Plains (Archer, Baylor, Throckmorton, and Young) of north-central Texas, approximately 200 km north of San Saba County. In 2002, grain samples from four additional fields tested positive for the disease in three of these counties (Baylor, Throckmorton, and Young) (31) .
Karnal bunt of wheat is generally considered a minor disease with regard to its impact on yield (3, 6, 25, 31) . The causal organism, T. indica, like most any other smut fungi, has to form a dikaryotic mycelium for successful infection and subsequent onset of teliosporogenesis (48) . However, as a heterothallic fungus, it requires a conjugation of two compatible mating types for occurrence of plasmogamy (17) . Therefore, in low populations of the pathogen the probability of successful infection is low even under favorable environmental conditions because of what is known as the Allee effect (19) . In addition, wheat is vulnerable only during a 2-to 3-week window of its physiological development, and environmental conditions have to be conducive during this short period for successful infection. The low probability of infection is evident from the fact that, since its first detection in 1996, the vast majority of positive durum wheat fields in Arizona had infection levels of less than 0.02% (31) .
However, the significance of Karnal bunt surfaces in its effect on grain quality. Bunted grains impart a fishy odor to the flower, rendering the bread unpalatable if infection level is greater than 3% of the kernels (25, 45) . For this reason, regions with positive Karnal bunt are subject to strict international regulations (8, 31) .
In Texas, fields which tested positive were placed under strict, zero tolerance, federal quarantine immediately after detection. Wheat fields within a 3-mile radius of infected fields also were placed under regulation. These measures cost growers over $25 million in four of the counties in 2001 and 2002, primarily due to loss of export markets (31) .
Kernels infected with T. indica are generally partially bunted, and as in any other family of smut fungi, the pathogen produces characteristic dark-colored sori (mass of teliospores [10] ) in the kernels, which are disseminated by air currents and deposited into the soil during harvest or during any mechanical operations. Teliospores are reported to survive in the soil at least for 4 years under field conditions (7) and presumably longer in the laboratory (26) . Teliospores near the soil surface germinate and produce multiple sporidia (primary sporidia), which are splashed by rain or blown onto the wheat crop by air currents (29, 33, 45) . Primary sporidia give rise to secondary sporidia by budding, which continuously multiply on leaf surfaces and infect during the vulnerable stage of wheat development (4, 13) . The susceptible period is generally regarded to be between the boot stage and soft dough stage, approximately a 2-to 3-week period, depending on the cultivar and the weather conditions (37) . The boot stage is considered susceptible based on artificial injection with T. indica inoculum (9, 11, 30, 46) . However, a recent finding by Goates and Jackson (20) , that spikes can only be infected after emergence, casts doubt on whether natural infection actually occurs at the boot stage.
Efforts are underway to incorporate resistance genes into commercial cultivars, but at present there are no resistant cultivars available in the United Sates (31) . The only viable management options are seed treatments, to eradicate teliospores in or on the seeds, and foliar fungicide sprays (38, 47) . Some systemic (curative) and protective fungicides have been shown to be very effective when applied onto exposed spikes (24, 34, 38) . In light of the present quarantine situation surrounding Karnal bunt, and its economic consequences, spray application for control of the disease would be a viable option. However, Karnal bunt is a weatherdriven disease and conditions favorable for disease development do not exist every year. Therefore, spraying for the disease every year would be an unnecessary waste of time and resources. A weather-based Karnal bunt forecasting model, which can predict the conduciveness of the weather conditions during the window of wheat vulnerability, would be useful in making management decisions if incorporated into a spray advisory program.
Karnal bunt is generally a cool weather disease and weather conditions during the susceptible period are critical factors in bunt development. A temperature range of 18 to 22°C, coupled with high relative humidity, is considered optimum for infection (2, 33) . However, rainfall episodes during the susceptible period appear to be playing a predominant role in disease development (14, 25, 35, 36) . In nonirrigated fields, rainfall provides moisture for the dry conditions near the soil surface thereby enabling teliospores to germinate. Rainfall is also important for splash dispersal of both primary and secondary sporidia, and for eventual infection of wheat spikes by creating humid conditions (45) . However, rainfall distribution is highly variable both in quantity and frequency, even within a small area, and existing ground weather stations are too far apart to account for the variability. Thus, use of ground weather stations for measurement of rainfall to represent a given region may lead to erroneous conclusions. Radarbased rainfall measurements, however, have a resolution of 4 × 4 km (18) and have been used in the past for modeling regional disease prevalence (49, 50) . In this study we will explore the suitability of radar rainfall data for general and site-specific prediction of Karnal bunt.
Currently, there are weather-based Karnal bunt risk assessment models (23, 24, 35, 39) , one of which is known as the humid thermal index (HTI) developed by Jhorar et al. (23, 24) . This particular model is widely used by researchers in assessing the risk of establishment of Karnal bunt in new territories (5, 28, 40, 41) . The index is based on afternoon relative humidity (referred to as evening relative humidity) and maximum temperature-the average of the ratio of relative humidity at 2:30 p.m. and maximum temperature during the window of host susceptibility (23) . A major limitation in trying to use this model is that measurements of hourly or half-hourly relative humidity are not readily available, especially in rural areas. Relative humidity is greatly affected by isolated rain showers and is highly variable from locale to locale. Use of relative humidity data from distant weather stations may lead to erroneous conclusions.
The primary objectives of this project were to (i) determine weather factors associated with Karnal bunt occurrence in Texas during the last 10 years and develop a weather-based forecasting model, and (ii) determine whether the HTI model describes Karnal bunt occurrence in Texas.
MATERIALS AND METHODS
Grain sampling and bunted kernel assessment. Each year during the last 10 years (1997 to 2006), representative grain samples from regulated fields were harvested with a combine harvester by arbitrarily driving the harvester through the fields until it was full. As the harvester discharged the grain onto a truck, a 1.8-kg subsample (approximately 65,000 kernels per field) was intermittently collected using a PVC pipe. Initially, bunted kernels were assessed by visually examining each kernel but a high-speed optical sorter (ScanMaster II, Satake USA Inc., Stafford, TX) was later introduced to speed up the process of separation of bunted kernels (15) . Kernels suspected to be infected were examined under a microscope to confirm the presence of teliospores. Slides of known teliospores of T. indica were used as a reference guide to verify that observed teliospores were those of T. indica. Because of the zero tolerance quarantine, the occurrence of bunted kernels in grain samples from each field was recorded as present or absent (+ or -). An average of 150 fields were sampled each year and tested for Karnal bunt as described above.
Weather data collection. Temperature data for the San Saba area were obtained from the National Weather Service station (NWS) in San Saba and Brady (in adjacent county of McCulloch). For fields in Olney area in north-central Texas, temperature data were obtained from one or two available NWS stations in each of the four contiguous counties (Archer, Baylor, Throckmorton, and Young) where Karnal bunt was observed. Radar rainfall data for the field locations for both San Saba and Olney area were downloaded from the Texas Weather Connection (TWC) site (Spatial Science Laboratory, Texas A&M University) by providing the GPS coordinates of each field.
Data analysis. Many of the fields which tested positive in 1997 and 2001 in San Saba County, were removed out of wheat production due to federal restrictions. Therefore, only fields which had recorded histories of Karnal bunt, and were planted to wheat, and tested for Karnal bunt in any given year between 1997 and 2006, were included in the analysis. Maximum temperature and precipitation amount and frequency (percent of days in which rainfall occurred) were used in discriminant function analysis to classify wheat fields into bunt-positive and -negative fields in San Saba County using SAS software version 9.1 (SAS Institute Inc., Cary, NC). Averages of each of the three weather variables for various intervals ranging between 15 and 30 days in April were tested for their ability to distinguish between the two Karnal bunt occurrence groups (present or absent).
Discriminant function analysis is a multivariate technique which classifies cases into one of two or more classes on the basis of one or more variables (1, 43, 44) . The analysis is subject to assumptions of multivariate normality and equality of variances among the groups under consideration. The analysis is generally robust to failures of normality if the sample size is large enough relative to the number of subjects (44) . However, it is highly sensitive to heterogeneity of variances, especially if the primary goal of the analysis is classification, because cases tend to classify into the group with greater dispersion (1, 44) . The remedy for failures of the assumptions is to use either a nonparametric method, which makes no assumptions of distribution, or use the within covariance matrices instead of pooling. However, if there is a near perfect separation of the groups, use of any of the methods would not significantly affect the outcome regardless of the violation of the assumptions (44) . In this study there was a clear-cut separation between fields with and without Karnal bunt and, thus, use of any of the three methods did not change the outcome. Therefore, the covariance matrices were pooled to obtain a classification function for each bunt occurrence group from which a linear discriminant function coefficients and a dividing or cutting point, also known as a constant (C), for classification of new cases (prediction) were computed (1, 43) .
In the discriminant analysis, prior probability of membership was set proportional to the number of fields in each bunt occurrence group. An unbiased estimate of the correct classification was produced by cross validation, also known as the jackknife procedure (44) , which involves exclusion of each observation from the analysis and reclassification of the excluded observation. Canonical discriminant analysis was run to determine the relative strengths of the variables, and to obtain a graphical representation of the classification along the canonical axes.
Model evaluation. Five years of data (1997 and 2000 to 2003) were used in development of a model for fields in San Saba County. As indicated earlier, this was primarily dictated by prior bunt history of fields and whether the fields were planted to wheat or not. The data for 2004 to 2006 from fields in San Saba County, and 2001 and 2002 from fields in Olney area in the north then were used to evaluate the model. Evaluations were conducted at two levels. The first was a regional level evaluation, in which averages of weather variables representing the region were used. In this procedure the HTI model (23) also was evaluated along with the current model. Temperature and relative humidity data for the HTI model were obtained from stations approximately 30 to 40 km outside of the borders of the counties in which Karnal bunt was detected. The second evaluation consisted of the use of radar rainfall data along with temperature data from a weather station closest to each field for site-specific forecast of the occurrence of Karnal bunt at individual field level.
The new observations were classified into either group depending on whether their discriminant scores (Z) were greater or lower than C. The weather observations were inserted into the linear discriminant function,
where X 1 , X 2 , and X 3 are maximum temperature (°C), rainfall amount (mm), and frequency, respectively, and b 1 , b 2 , and b 3 are their respective coefficients. Scores greater than the dividing point were classified as unfavorable, and vice versa. The probability of belonging to group 0 (Karnal bunt absent) then was computed as 1/1 + exp(-Z + C), where Z and C are as described. The probability of belonging to group 1 (Karnal bunt present) was obtained by subtraction.
RESULTS
There were a total of 53 fields which had histories of Karnal bunt occurrence, either in 1997 or in 2001 (or both), and were planted to wheat at least once after the detection of the disease. All fields planted to wheat in 1998 and 1999 had no record of Karnal bunt occurrence in 1997. In addition, Karnal bunt was not detected in any field in Texas in 1998 and 1999, and the presence of the pathogen in the soil was uncertain. Thus, data for these 2 years were not included in the analysis. Karnal bunt was not detected in any of the 53 fields in 2000, 2002, or 2003 even though these fields had prior history of the disease and teliospores of the pathogen were recovered from soils sampled from about 93% of these fields (42) . Overall, there were 30 fields in which Karnal bunt was detected and 23 fields in which it was not detected.
Discriminant analysis of the bunt occurrence data distinctly separated the 53 fields into bunt-positive and -negative fields based on the weather factors. The three predictor variables, average maximum temperature, rainfall amount, and rainfall frequency, for an 18-day period (April 8 to 25), best separated fields with Karnal bunt from those without Karnal bunt in San Saba County (Fig. 1) . (Table 1) . Average rainfall amount for the years with Karnal bunt was about eight times greater than for those without Karnal bunt, and the average rainfall frequency was greater by approximately 28%.
The three variables correctly classified all (100%) cases into either group (posterior probability error rate estimates of zero) producing a complete separation of the two groups, in which the first canonical function accounted for 100% of the variation with average squared canonical correlation of 0.92. Rainfall amount had the strongest effect in distinguishing the two groups, with the standardized coefficient of -0.87, followed by maximum temperature (0.77) and rainfall frequency (-0.67). A Karnal bunt occurrence model, Z = 6.6X 1 -9.45X 2 -1.12X 3 , then was developed using the linear combinations of the discriminant function coefficients in which X 1 is average maximum temperature, X 2 is average rainfall amount, and X 3 is average rainfall frequency for the 18-day period ( Table 2 ). The discriminant function coefficients were obtained by subtracting the classification function coefficients of the variables of fields with Karnal bunt from their respective variables of fields without Karnal bunt. The dividing point (C = 135.95) for classifying new observations was computed similarly from the constants but in reverse order (1) . Evaluation of the model by inserting new weather observations (not used in model development) for San Saba County showed that the year 2004 was highly favorable for bunt development even though Karnal bunt was not detected that year in any of the fields in the county. The discriminant score (Z) for the year was lower than the dividing point, with a 100% probability of being a Karnal bunt-favorable year (Table 3) . However, the Z scores for 2005 and 2006 were higher than the cutting point with 98 and 100% probability, respectively, indicating that the 2 years were unfavorable for the disease, agreeing with the absence of Karnal bunt during the 2-year period.
The Z scores for the Olney area were lower than the cutting point, indicating that weather conditions in Olney area were favorable for bunt development in both 2001 and 2002, with the probability of 97 and 100%, respectively. Site-specific evaluation of the model for San Saba County produced more or less similar results as the regional level evaluation (Table 4) 
DISCUSSION
Even though Karnal bunt is considered a minor disease in its impact on grain yield, it has gained considerable attention since its first official detection in the United States in 1996. This was largely because of the associated quarantine regulations which led to significant economic losses. In Texas, the disease has not been continually observed since it was discovered in 1997. In this study we investigated the effect of weather factors on its occurrence during the last 10 years, with the ultimate goal that the finding might lead to forecasting of the disease. Discriminant analysis was useful in distinguishing between bunt-positive and -negative fields based on the weather variables. An equally useful analysis method would have been the use of logistic regression. However, in this study, logistic regression could not be used because maximum likelihood could not be estimated due to the complete separation of the two bunt occurrence groups (22) . It may appear that a 1.8 kg subsample would not be adequate to represent a field. However, considering the fact individual kernels had to be scrutinized (approximately 65,000 kernels and 2,166 to 3,250 plants per field), greater sample size would have required more time and resources, and as in any sampling procedures, there had to be a balance between manageable sample size and precision. In reality, our sample was the number of kernels, since the detection of one kernel in the sample would render the field positive. In addition, it is evident from the result that the sample size we used clearly distinguished between bunt-positive and -negative fields.
The study revealed that rainfall and temperature were major factors affecting Karnal bunt occurrence in Texas. Consequently, a weather-based model for forecasting the risk of the disease was developed. The model was evaluated using weather data from both bunt-negative and -positive fields not used in model development. In all cases, the model correctly predicted the occurrence of the dis- Large HTI values are the results from high relative humidity and cool temperatures. However, in this case the HTI value was within the favorable range (2.66) and, thus, it cannot be concluded that 2004 was unfavorable based on the value of the index. However, as indicated earlier, the weather station used for evaluation of the HTI model was too far from the study fields and thus the values presented in this paper may not necessarily reflect actual conditions in the field.
It is unclear why prolonged wet conditions can be unfavorable for Karnal bunt development. One possible explanation is that excessive rainfall may wash off the sporidia from plants thereby reducing infection. Also as pointed out for the Indian situation, excessive rainfall may have created conducive conditions for spore germination before the onset of the susceptible stage of the host, exhausting the inoculum (32) . In addition, even though the model predicted highly favorable conditions, the possibility that the disease might have been below detection level cannot be ruled out. Further investigations are necessary to determine the effect of wetness durations on Karnal bunt occurrence. One may argue that in 2002, the rainfall amount in Olney area was greater than that in San Saba in 2004. However, the rainfall frequency was lower and the temperature was higher in Olney area than in San Saba, and only four fields tested positive as opposed to 27 in 2001.
The weather variables clearly distinguished between bunt-positive and -negative fields during the 18-day period in April, which overlapped the physiological stage of wheat development at which the crop is susceptible to infection by T. indica. Certainly the 18-day period is not a fixed period because infection can occur within a few days, and the period may vary from year to year, both in duration and time of onset depending on weather conditions. However, the susceptible window (boot to soft dough stage) is generally estimated to range from the first-to the last week of April in San Saba and may run until the end of April in Olney in the north. The fact that the model developed for San Saba area accurately described the disease conditions in the north, with little variation in time durations, indicates the existence of extensive overlap in the stage of susceptibility between the two regions.
The current Karnal bunt model predicts conduciveness of the weather conditions but does not predict disease severity because of the nature of the data collected. Due to the zero-tolerance regulations, bunted kernel occurrence was recorded as present or absent regardless of the number of bunted kernels observed. However, one can insert new weather variables (or average values for a given period) in the model to determine whether the conditions are favorable for occurrence of the disease. If the discriminant score (Z) is greater than the dividing point (135.95), then it is unlikely that environmental conditions are favorable. The probability that conditions are favorable or unfavorable can be calculated using the probability algorithm described earlier. The probability values range from 0 to 1 and if the value is 1 or close to 1, then it is highly probable that conditions are not favorable during the specified period. The algorithm gives the probability of unfavorable conditions but the probability of favorable conditions can be determined by subtraction (1 -probability of unfavorable conditions).
The importance of rainfall in development of Karnal bunt and other bunt diseases has been documented (25, 35, 36) . Two of the three variables used in this study were rainfall variables (amount and frequency), which had major effects in distinguishing between bunt-positive and -negative fields. In this study spatial variability of rainfall was largely accounted for using Doppler radar, which has a 4 × 4 km resolution. The resolution of the estimates is far closer to the field-level rainfall estimates than those from ground-based weather stations, which are generally in the order of one station per county. The radar rainfall estimates were useful in evaluating the model site-specifically (close to field level) even though there may have been more than one field within each of the 4 × 4 km area sharing the same rainfall estimate.
As expected, there were variations in rainfall frequency and amount among fields, leading to different outcomes in the sitespecific evaluation of the model. For example, results of the sitespecific evaluation entirely agreed with that of the regional level for 2004, and 2006 for San Saba, and 2002 for Olney area. However, for 2005 in San Saba, even though disease was correctly predicted not to occur in the regional level evaluation, the site-specific evaluation predicted that disease would occur in 2 of the 19 fields. Also in Olney, 10 of the 27 fields were predicted as not having Karnal bunt but the regional level evaluation correctly predicted the whole region as conducive for Karnal bunt. This demonstrates that models developed using regional weather variables (especially rainfall) may not always produce correct predictions on local levels because of variation within the region.
Radar rainfall measurements have previously been used for site-specific modeling and the relationship between gauge-based and radar-based measurements has been thoroughly discussed (18, 49, 50) . The primary advantage of radar-based rainfall measurement over gauge-based measurement is its site specificity which enables it to account for local variability. Even though there is currently a good relationship between the two methods of rainfall measurement, it is still far from a perfect one-to-one relationship. Therefore, use of gauge-based rainfall data in the model would lead to erroneous conclusions. Arrangements can be made with the NWS for obtaining radar rainfall for desired locations. In Texas, radar-based rainfall data for any day of the year can be downloaded from the TWC by entering the latitude/longitude coordinates for any field location in Texas.
Karnal bunt has not been detected in Texas wheat fields since 2002. This can be largely attributed to the strict quarantine regulations, which included removal of the host crop from rotation schedules and the nonconduciveness of weather conditions during some of these years. This doesn't necessarily imply that there will not be Karnal bunt outbreaks in the future. The odds are that once established in the soil, T. indica may continue to cause problems unrelated to its significance as a pathogen. The model developed in this study is potentially useful if incorporated in spray-advisory programs in regulated areas where spraying for the disease could be cost effective. However, it has the limitations of predicting only favorable or unfavorable conditions and not the degree of disease severity related to the observed conditions. The model needs to be further evaluated and updated for an extended period in conjunction with fungicidal sprays.
